We investigated the impact of polymer substrates on the magnetic properties of soft magnetic thin films. Experiments were carried out to evaluate the performance of AMR (anisotropic magnetoresistive) sensors deposited on polymeric substrates and to give indications for the design of future sensors on flexible substrates. Sputtered permalloy (NiFe 81/19) was used as a soft magnetic thin film layer. As substrate materials, liquid polyimide precursors and DuPont Kapton® HN foil were examined. Surface roughness was determined for each substrate material. The dynamic of soft magnetic behavior of the permalloy thin films was observed in a homogenous alternating magnetic field. Resulting R-Hcurves were evaluated in regard to the magnitude of the magnetoresistive effect (∆R / R0-ratio), as well as the resulting magnetic anisotropy of the tested samples. B-H-curves were obtained by means of a vibrating sample magnetometer (VSM).
INTRODUCTION
In order to meet the increasing demands towards precision and efficiency of machine tools in modern production technology, a novel approach is pursued within the Collaborative Research Center (CRC) 653 that is funded by the German Research Foundation (DFG). This novel approach is based on the attempt to meet the increasing demands by collecting information during the lifetime of a system and storing the same within the observed component. Thus, components like a machine tool or a milled part become genetically intelligent ("gentelligent" [1] ). In any case, as much information as possible has to be gathered to obtain a comprehensive image of the observed component. Thus, for the realization of such a "gentelligent" unit or system, sensors with high integrability are required to provide the components with senses. Various types of micro sensors, namely strain gauges, eddy current sensors and anisotropic magnetoresistive (AMR) sensors, have been successfully implemented by applying a modular thin film fabrication technology on flexible polymer foils [2] . Nevertheless, it has to be considered that various factors such as homogeneity, morphology and surface roughness of the substrate material, to name a few, do have an impact on the properties of deposited thin films, specifically in the case of soft magnetic material [3, 4] . In literature, phenomena connected to interactions between a substrate and a ferromagnetic thin film have been investigated intensively, the striking example being exchange anisotropy [5] . This effect is observed when a ferromagnetic layer is deposited on an antiferromagnetic layer forming a ferromagnetic-antiferromagnetic interface. The resulting interactions manifest themselves as an exchange bias that can be determined experimentally as a shift of the hysteresis of the ferromagnetic layer along the field axis [6, 7] . But the interaction of a ferromagnetic thin film with its substrate is not limited to ferromagnetic-antiferromagnetic interfaces. Surface anisotropy, which was first described by Néel [8] , attributes the deviant behavior of thin films from bulk samples to the reduced symmetry of the atomic environment of surface atoms and applies for magnetic thin films on any substrate. In the design of thin film magnetoresistors, it is often assumed that the sensing element is in mono-domain state. However, the magnetic properties of the real magnetic thin film deviate from those predicted by theoretical models, such as the Stoner-Wohlfarth model. These deviations appear as the thin film is normally in the multi domain state, which causes complex domain changes during magnetization. As a result, the anisotropy of a real thin film disperses [9] . It has to be expected that this dispersion of anisotropy correlates with the homogeneity of the used substrate.
Besides "pure" surface related effects, another factor which has an impact on the magnetization behavior of a magnetic thin film has to be considered when using polymeric, flexible substrates. Compared to a rigid substrate, larger discrepancies between the physical properties (e.g. coefficient of thermal expansion or Young's modulus) of a polymeric substrate and a metallic thin film occur. As a result the appearance of elevated stress in the thin film is very likely. This additional stress influences the domain structure of the thin film on the microscopic scale [10] as well as the macroscopic magnetic behavior of the thin film device. Interactions of magnetic materials with external and internal stresses are attributed to magneto-elastic coupling, a topic that has been covered by numerous studies, e.g. [11] . Various groups have proven the viability of magnetic devices based on metallic thin films on flexible polymeric substrates in the past. A striking example being [12] , where the impact of spacer and barrier layers on the soft magnetic performance of sputtered permalloy multilayers on a polyester substrate were investigated and thereupon magnetic properties optimized. While [12] meant to use these multilayers either as identification markers or EMI shields, [13] intended to use rather thick (in the range of several 100 nm) permalloy multilayer films on cyclo olefin copolymer (COC) substrates as pressure sensors depending on the giant magneto impedance effect. Although the magnetic properties of the permalloy films were significantly affected by the used substrate, a high sensitivity of the sensors could still be achieved. The cited publications thus stand exemplary for the intensive work on soft magnetic multilayer thin films on flexible substrates. In contrast to the above-mentioned research, the objective of this study was to investigate the impact of polymeric substrates on the soft magnetic properties of sputter deposited single and thin permalloy films. Experiments were carried out in order to evaluate the feasibility of precise AMR sensors based on such polymeric substrates. As substrate, different polyimide-based materials were examined. These substrates comprise polyimide polymerized from various spin-on precursors as well as Kapton ® HN foil. Polyimide-based materials were chosen as substrate material due to their superior mechanical, chemical and thermal properties [14] that are a prerequisite for the future use of such sensors in harsh industrial environments. Sputtered permalloy (NiFe 81/19), a standard material for AMR sensor applications, was used as soft magnetic thin film layer. Nominal thickness of the thin film was 100 nm.
EXPERIMENTAL
A. Sample Preparation A first group of specimens was fabricated on a silicon wafer with a thermal oxide top layer and served as a reference. Further specimens were prepared on four polyimide-based materials, three different liquid polyimide precursors on the one hand and DuPont Kapton ® HN foil on the other hand. The precursors were spin coated onto a silicon wafer and polymerized through heat treatment at 350 °C, resulting in a 6 µm thick polyimide base layer. 50 µm thick Kapton ® HN foil backed with a silicone based adhesive film was applied onto a silicon wafer for thin film processing using a commercially available laminator (Bungard Elektronik RLM 419p). Single sensor structures featuring dimensions depicted in Fig.1 a) were chosen as exemplary magnetoresistors for the experimental determination of R-H-curves. The represented geometry resembles the design of commercial magnetoresistors and was chosen for the single sensor elements in order to ensure strong shape anisotropy with distinct predominant directions. To evaluate the impact of sensing element orientation relative to the substrate, experimental specimen featured three single elements arranged as in Fig. 1 b) . Specimens for VSM measurements and thus the determination of B-H-curves consisted of rectangular, 8 x 3 mm large, permalloy thin films on corresponding substrates. Structured permalloy thin films were fabricated by photolithography and lift-off processing. First, a photo mask was applied on the prepared substrates. Secondly, a permalloy thin film with a nominal thickness of 100 nm was deposited using sputtering (parameters: rf power: 200 W, base pressure: 10 -7 torr, Argon flow rate: 50 sccm). Consequently, photo mask and undesired permalloy coating were removed. After thin film processing, the AMR sensors were diced using a wafer saw, resulting in specimens comprising three individual sensor elements in the configuration depicted in Figure 1 b).
B. Analytical Methods
In order to characterize the polyimide-based substrates taken into consideration surface roughness was determined for each polyimide substrate material and a silicon wafer with a thermal oxide top layer, respectively. Surface roughness was measured as line roughness according to EN 25178 using a confocal laser scanning microscope (CLSM) (Keyence VK-9700). Measurements were performed on substrates with a sputtered permalloy thin film on top. The metallic thin film was used due to its good reflection properties in order to improve the reliability of optical surface measurements and to avoid negative effects caused by the partial transparency of the used polymeric substrates. Furthermore, radius of curvature of the silicon carrier wafer was determined before and after application of the polymeric layers and the permalloy thin film by means of a tactile profilometer (Veeco Dektak³ST). Using Stoney's equation, the difference between both measurements allowed an estimation of the magnitude and orientation of film stress within the polymeric layers. For spin-on precursors, a rather homogenous, axially symmetric state of stress was expected. Due to the method of application of the Kapton ® HN foil, a predominant direction of tensile stress has to be expected within the direction of application. During magnetic characterization experiments, the samples were mounted on a fixture of a Helmholtz coil and a homogenous alternating magnetic field generated by a Helmholtz coil was applied either parallel, perpendicular or at 45° to the specimen. The samples were operated in a Wheatstone bridge, with the output voltage amplified using an amplifier developed in-house. Changes of the electrical resistance as a function of the applied magnetic field were recorded simultaneously for each of the three sensor elements on a specimen using the logging function of a commercially available oscilloscope (Tektronix TDS 2014). Resulting R-H-curves, which represent an alternating hysteresis, were evaluated in regard to the magnitude of the magnetoresistive effect (∆R / R 0 -ratio), as well as the shift of the ΔR / R 0 -ratio peaks relative to the applied field. To determine effects of film stress on magnetic properties, hysteresis curves measurement were done on specimens using a vibrating sampling magnetometer (EG&G Princeton Applied Research VSM Model 4500). Specimens of a size of 8 x 3 mm with 100 nm nominal thickness were mounted on a sample holder so that a measurement magnetic field was 
RESULTS

A. Surface Roughness
The surface roughness parameters arithmetical mean roughness R a and ten-point mean roughness R z of the analyzed substrates obtained by CLSM measurements are specified in Table 1 . As expected, the values of surface roughness of the SiO 2 substrate were significantly lower than those of the polyimide based materials. Best results for a polyimide based substrate were obtained for spin-on precursor A, followed by Kapton ® HN foil, spin-on precursor B and spin-on precursor C, respectively.
B. Film Stress
The determined film stress of the various polymeric substrates is depicted in Figure 2 . Magnitude of stress is represented in relation to the estimated stress in the SiO 2 specimen without polymeric coating. All samples show tensile stress, the Kapton ® HN sample shows an asymmetric behavior. Estimated film stresses of spin-on precursor A and C significantly exceed those estimated for spin-on precursor B. While the estimated film stress in spin-on precursor B only exceeds those estimated for SiO 2 by 1.3 times, the estimated film stress in spin-on precursor A is 2.9 times higher and in spin-on precursor C it is even 5.8 times higher. An asymmetric deformation of the carrier wafers of Kapton ® HN foils could be observed by measuring carrier wafer deflection parallel and orthogonal to the direction of lamination resulting in a tensile stress in the direction of lamination half as high as in SiO 2 and a compressive stress orthogonal to the direction of lamination double the stress value of SiO 2 . Thus, an inhomogeneous state of stress within the foils can be assumed. However the intermediate glue layer between silicon and Kapton ® HN foil likely had an influence on the warping as well by avoiding a full transformation of the foil's stress into the silicon wafer. 
C. Magnetization Curves
Averaged values and standard errors of the characterstic parameters of R-H-curves (base resistance, AMR effect (ΔR /
R 0 -ratio) in %, shift of ΔR / R 0 -ratio peaks along the H-field) are specified for all analyzed specimens in Table 2. Table 3 shows characteristic R-H-curves of sensor specimens of each of the analyzed substrates when an alternating H-field in the directions indicated in the first row had been applied. As expected, best results were obtained on SiO 2 -substrates. In correlation to the lowest surface roughness determined for the SiO 2 substrate, lowest base resistance was observed for these sensor elements as well (see Table 2 ). Furthermore, largest ΔR / R 0 -ratio and smallest shift of the ΔR / R 0 -ratio peaks along the H-field axis were determined. Thus, the magnetization curves of these SiO 2 based sensor elements showed characteristics that are similar to those predicted by theory when fields along the hard and easy magnetization axes of such single sensor elements are applied. For example, considering the SiO 2 -specimen in 90° orientation shown in Table 3 : sensor element α, oriented perpendicular to the Hfield, shows a typical transfer characteristic of an AMR permalloy thin film magnetoresistor [9] . Respectively, sensor element γ, oriented parallel to the H-field, shows characteristics of the planar Hall effect predicted by literature in this configuration. Respectively, the magnetization curves of these sensor elements switch when the H-field orientation is rotated about 90°. Sensor element β shows an overlap of the planar or pseudo Hall effect with a lessened AMR effect in 0° and 90° orientation, a typical behavior of a magnetoresistor in an H-field oriented 45° to its anisotropy axis. In the last configuration, when the H-field was applied perpendicular to the anisotropy axis of element β, the typical AMR effect transfer characteristics were measured as well. Comparing sensor elements on polymeric substrates to the reference samples on SiO 2 substrate, various changes of magnetization curves can be observed. First, the maximum ΔR / R 0 -ratios are reduced significantly. Second, an increase of field strengths at which the ΔR / R 0 -ratio maxima occur was identified. Third, the transfer characteristic of the sensor elements can no longer be purely attributed to shape anisotropy. While each appearance of an AMR effect maximum of the sensor elements α, β and γ on SiO 2 substrates can be distinctively related to a specific orientation of the H-field, this is no longer possible for sensor elements on polymeric substrates. Other factors besides shape anisotropy have to be taken into consideration. Thus, a more detailed look into the properties of the analyzed polymeric substrates is necessary. Although spin-on precursor A obtained best results concerning both surface roughness parameters R a and R z (see Table  1 ), sensor elements deposited on this substrate material exhibited the highest base resistance, performed worst in respect to ΔR / R 0 -ratio and shift of ΔR / R 0 -ratio maxima along the H-field (see Table 2 ) respectively. On the contrary, even though by far highest film stress (see Figure 2) and mediocre surface quality (see Table 1 ) were obtained for spin-on precursor C, the average performance concerning base resistance and magnetic characteristics of the respective sensor elements was still better than those on spin-on precursor A. Worst surface quality was identified for spin-on precursor B. However, lowest film stress has to be expected following Stoney's equation (see Figure 2) . In comparison to the other polymeric substrates, corresponding specimens performed clearly best in respect to base resistance and magnetic characteristics. Nevertheless, the magnetization curves of all samples deposited on polymeric substrates showed asymmetric transfer characteristics. Thus, magnitudes and field strengths at which the ΔR / R 0 -ratio maxima occurred weren't identical for reversion from negative to positive H-fields and vice versa. According to literature, assymmetric transfer characteristics, or a dispersion of anisotropy [9] of this kind, are due to wall state transitions that occur in multidomain structures. In other words, when the applied magnetic field is reversed, Néel wall segments nucleate and expand which causes Barkhausen noise. Such Néel wall movement is known to be hindered by external factors such as surface roughness or film stress [15] . As mentioned above, another phenomenon that was exposed by the analysis of R-H-curves was the apparent extinction of shape anisotropy of the sensor elements. Magnetization curves and corresponding AMR effect of samples on spin-on precursor A and C revealed very poor transfer characteristics so that a further analysis of interacting effects seems not expedient. However, Kapton ® HN foil and spin-on precursor B seem to be promising candidates to investigate the various factors that affect magnetic thin films on polymeric substrates. Considering transfer characteristics of a Kapton ® HN based specimen as can be depicted from R-H-curves in the 90° orientation, sensor elements α and γ feature very similar changes of resistance even though these two are tilted at an angle of 90°. At the same time, both elements are only weakly influenced by an H-field when oriented in 0°. Therefore, we assume that the original magnetization of these sensor elements is determined by an additional factor, such as a strong unidirectional stress. This stress is introduced when the Kapton ® HN foil is applied onto the wafer carrier by lamination. In the future either this stress can be used to bias sensing elements and to precisely set sensing elements or measures to avoid this stress will have to be taken. In respect of specimens on spin-on precursor B, another transfer characteristic is observed. In comparison to the reference samples on SiO 2 substrate, the sensitivity of elements α and γ to applied H-fields is inverted (see orientations 90° and 0°). For the present, this effect can neither be explained by surface roughness nor by the presence of a unidirectional film stress. Relatively high values of surface roughness were in fact determined for this substrate material (see Table 1 ). Nevertheless, the relatively high ΔR / R 0 -ratio contradict a strong impact of surface roughness on these magnetization curves. Since film stress estimations using Stoney's equation didn't confirm the presence of a strong film stress, further factors have to be taken into consideration. An option could be a chemical interaction of the metallic thin film with the polymeric substrate [16] , although this effect probably wouldn't cause the inversion of sensitivity. 
D. VSM Measurements
Results from VSM measurements (Figure 3) showed smaller coercivities H c of permalloy thin films deposited on SiO 2 , Kapton ® HN and spin-on precursor B compared to those deposited on spin-on precursor A and C as shown in Table 4 . Two main factors originated from substrate which affect H c are surface roughness and film stress. The surface roughness causes domain wall pinning as described by Choe et al. in [3] for very thin permalloy film (thickness < 25nm). However for 100 nm thick permalloy films, the film stress has higher influence on H c . Referring to Table 1 , all polymeric substrates possess high surface roughness but only permalloy films on Kapton ® HN and spin-on precursor B have small H c . This is because their film stress is unidirectional thus defining overall magnetization direction of magnetic domains in the films. This also correlates to the ΔR / R 0 -ratio of Kapton ® HN in Table 1 . The saturation flux densities B s of the permalloy films deposited on SiO 2 , Kapton ® HN and spin-on precursor B are around 0.7 T while only 0.3-0.4 T are obtained from films deposited on spin-on precursor A and C. The reduced B s is a direct indicator of film thickness which is deviated from the 100 nm nominal value. The actual reduced film thickness is determined using ratio of B s of a substrate in question to B s of SiO 2 . Computed resistivities of specimens on SiO 2 and Kapton ® HN listed in Table 2 coincide with those reported by Guittoum et al. [4] . Note also that the values in parentheses are computed using reduced film thickness. We have investigated the impact of four different polyimide based substrates on the magnetic properties of permalloy thin film magnetoresistors by means of alternating R-H-curves and B-H-curves obtained by vibrating sample magnetometry. To further evaluate these substrates, surface roughness was determined using CLSM and film stress was estimated using Stoney's equation. Identical methods were applied to reference samples on SiO 2 substrates. Kapton ® HN and spin-on precursor B were exposed as promising substrate materials for permalloy thin film magnetoresistors. Although for 100 nm thin permalloy films, film stress was identified as more critical factor for a successful implementation of thin film magnetoresistors than surface roughness, future investigations will focus on a detailed qualification of stress state in spin-on precursor B.
